In the search for design criteria for constructed wetlands (CWs) in Nepal a semi-scale experimental 
INTRODUCTION
In recent years, there has been an increased interest in decentralized treatment of urban wastewater using natural treatment systems as constructed wetland (CW) ( Jenssen & Vråle ; Parkinson & Tayler ) . CWs are cost effective and easy to operate and thus suitable for the developing countries where cities grow without proper planning (Otterpohl et al. ; Shrestha et al. ) . The requirement of a large area compared to the conventional systems has undermined the application of the CWs in peri-urban and urban areas where the land space is very often limited. In addition optimization of the design parameters facilitate treatment systems that are neither oversized nor fail to provide the desired water quality improvement (Buchberger & Shaw ) . A major issue in adopting the CW technology is the choice of the wetland type. The two major types of CW are surface flow and subsurface flow wetlands (Kadlec & Knight ) . Subsurface flow wetlands are preferred over surface flow wetlands in tropical and subtropical climates because the latter if not properly designed and operated, are potential breeding ground for mosquitoes (Kivaisi ) . Depending upon the flow direction the subsurface wetlands are of two types: horizontal flow (HF) and vertical flow (VF). The HF wetlands have shown good performance in the removal of organic matter and were the first type of wetlands used in Europe to treat domestic wastewater (Vymazal ) . In cold climates such as Norway, HF wetlands are preceded by a VF single pass biofilter ( Jenssen et al. ) in order to remove Biochemical Oxygen Demand (BOD 5 ) during the winter. In Austria stringent discharge standards have led to the combination of a HF wetland followed by a VF wetland (Haberl et al. ) and this design is also used in several systems in Nepal (Laber et al. ) . Many studies have been conducted on one or the other type of CW and most of these studies in Europe (Haberl et al. ; Cooper ) , but there are very few studies comparing the performance of HF and VF wetlands under similar conditions (Breen & Chick ; Laber et al. ) .
This paper compares the performance of HF and VF, planted and unplanted, wetlands in a pilot scale study. The suitability of HF and VF systems as single systems or in combination are evaluated against discharge standards for Nepal and Europe.
MATERIALS AND METHODS
The pilot scale subsurface flow CW system consists of two units of HF beds and two units of VF beds, each having a surface area of 6 m × 2 m ¼ 12 m 2 ( Figure 1 ). The length of the HF unit is 3 times the unit width to promote plug flow conditions. The depth of the horizontal HF and VF beds are 0.6 m. The effective grain size (d 10 ) and uniformity coefficient (d 60 /d 10 ) of the media were determined by sieve analysis ( Table 1 ). The porosity of both the beds is 35%. The porosity of the media was determined by direct measurement by pouring 500 ml of representative sample into the cylinder containing 500 ml of water. The water level rising above the media was measured to calculate the pore volume. One bed of each flow type was planted with Phragmites karka (local reed) and the other was left unplanted. Phragmites karka was chosen because it is very productive and a common wetland species in Nepal and has been used in all the CWs built in Nepal before 2001 (Shrestha et al. ) . The pilot system was constructed at the premises of Guheswori Sewage Treatment Plant in Kathmandu and received wastewater from the grit chamber. The HF beds were continuously fed, whereas the VF bed received 6 doses/d using a pump and an overhead dosing/distribution tank. The daily total hydraulic load in both the beds were equal. In the HF beds the outlet pipes were adjusted so that saturated depth was 45 cm (3/4 of the total bed depth). The VF beds had free drainage. The beds had an initial period of 1 year to stabilize the vegetation prior to running the experiments reported herein. The vegetation was not harvested during the experimental run.
The first phase of the experiment studied the effect of different hydraulic loading rates (HLRs); 20 cm/d followed by 8 and 4 cm/d. Each loading rate was run for 21 d with sampling for the last 7 d. Five inlet and outlet samples were collected for each loading rate. All water samples were 24-hour composite samples. In the second phase of the experiment the loading rate was adjusted to 4 cm/d and run for 7 months to study the long term performance of the different beds. The average monthly temperature during the second phase experiment varied from 18 to 23 W C.
All samples were analyzed for Total Suspended Solids (TSS), BOD 5 , Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (TKN), Total Phosphorus (TP), Ammonia Nitrogen (NH 4 -N) as per APHA (). The horizontal beds had two sampling ports at a distance of 0.8 and 4.6 m from inlet ( Figure 1 ). These ports are used to monitor Oxidation-Reduction Potential (ORP) and water level. ORP was measured in millivolts by using ORP electrode.
To compare the performance of beds at different HLRs a two-way analysis of variance (ANOVA) test was used. To compare the difference of the mean removal efficiency of the beds run at HLR of 4 cm/d a one-way ANOVA test at 95% confidence interval was used. A graphical comparison was expressed using box plots.
RESULTS
The effect of the hydraulic loading rate on removal efficiency
The treatment performance regarding TSS, BOD 5 , COD, TKN, NH 4 -N and TP at different HLRs is given in Table 2 .
The influent BOD 5 and COD varied during the experimental period ranging from 121 to 219 mg/l for BOD 5 and 240 to 395 mg/l for COD (Table 2 ). The percent removal increased with decrease in HLR for all beds and parameters, except for TP.
There was no significant difference (p > 0.05) in the removal of TSS and TP between any of the beds. Regarding removal of BOD 5 , COD, TKN and NH 4 -N and for all the tested loading rates the following results were obtained: (1) the HF planted bed performed significantly better (p < 0.05) than the HF unplanted bed and the VF planted bed showed significantly better removal than the VF unplanted bed, (2) the VF planted bed performed significantly better than the HF planted bed ( Table 2) .
The effluent discharge limit of 50 mg/l of BOD 5 and 100 mg/l of TSS (Nepalese standard) was achieved at 8 and 4 cm/d loading rate for all beds except the unplanted HF bed. The Norwegian standard of 20 mg/l of BOD 5 or 90% removal was met by the planted VF bed only. The Premoval was low for all beds.
ORP profile
The ORP profile along the HF and VF beds is shown in Figure 2 . An increase of ORP from inlet to outlet is observed in all the beds at all loading rates. The effluent ORP in the vertical beds are positive and higher than in the horizontal beds.
Long term performance at a hydraulic loading rate of 4 cm/d Figure 3 shows the time dependent variation in the pollutant concentration and the statistical comparison of the different beds using box plots. The VF planted bed showed the best performance for all the tested parameters and for BOD 5 , COD, TKN and NH 4 this bed was also significantly better than the other beds. In general the planted beds showed better performance than the unplanted beds, but for the HF beds it is only for TSS, BOD 5 and COD that the planted bed is significantly better than the unplanted bed. The HF planted bed is performing significantly better than the VF unplanted bed for BOD 5 and COD. For TSS the HF planted bed, VF unplanted and planted beds have near equal performance and are all significantly better than the HF unplanted bed. For NH 4 both VF beds had an effluent concentration significantly lower than the other beds. The NH 4 in the effluent from the planted and unplanted HF beds was better than the influent on the average, but not statistically different from influent showing a very limited NH 4 removal in both HF beds. For the phosphorus there is no significant difference between the inflow concentration and the outflow of all the beds VF and HF.
DISCUSSION Performance of beds
The importance of plants in treatment wetlands has been subject to debate and in filter beds used in cold climate very high treatment performance is obtained without using plants in the HF beds (Jenssen et al. ) . However, many studies point to plants enhancing the treatment performance (Brix ; Akratos & Tsihrintzis ) . In this study the planted beds performed significantly better than the unplanted beds regarding BOD 5 , COD, NH 4 and Kjeldahl-N removal. In the HF beds this can be understood because the plants provide oxygen, thus increasing the ORP (Figure 2 ). The plant roots will also provide more area for biofilm growth (Khatiwada & Polprasert ) . The plants can also give support to a more diverse microbial community that can enhance treatment processes (Brix The plants roots also alter the hydraulic conditions of a vegetated HF bed. A tracer study conducted for HF beds revealed that a HF planted bed had longer (average) HRT than a unplanted HF bed (Harne ) . The longer retention time can be explained by a shift in pore size distribution towards smaller pores and thus a larger dispersion of the water molecules. Kadlec & Knight () points out that greater dispersion can both prevent short-circuiting and increase the retention time. Suliman et al. () who simulated flow in unplanted HF beds, pointed to preferential flow as a possible reason for reduced performance. Thus we can conclude that planting HF wetland beds increases removal of organic matter and enhances nitrogen transformations.
Planted sandfilters are termed VF wetlands. Due to the unsaturated VF the retention time in a VF wetland is much shorter than in a HF wetland provided the loading rate and porous media are similar. Despite a substantially shorter retention time the treatment performance of the VF beds is as good as or better than the HF beds, especially for the nitrogen transformations. Observing the ORP (Figure 2) , this difference can be understood. The final effluent ORP value in both the planted VF bed (þ239 mV) and unplanted VF bed (þ169 mV) were positive and higher than the HF beds. This indicates that the VF beds are in a moderately oxidized state whereas the HF beds are in reduced state (Charpentier et al. ; Wiessner et al. ) .
The intermittent dosing enhances the oxidative status of the filter as it promotes transfer of oxygen into the unsaturated zone (Bouma et al. ; Anderson et al. ; Brix ; Rousseau et al. ) . In common terms this can be viewed as a pulse of liquid 'pushing' oxygen into the filter and at the same time 'sucking' air into the filter behind the pulse. Kadlec & Knight () state that unsaturated flow enhances both organic degradation and nitrification. In this experiment 6 doses/d was used, but Emerick et al. () points to 24-48 doses/d as more optimal for sandfilters indicating that the purification performance of the VF beds could be further enhanced.
The phosphorus removal was low in all beds both for the short term and long term experiments. However, P-removal is not emphasized by the Nepalese authorities and the media used in this experiment were not chosen for their ability to sorb P. The P-sorption capacity of the media used is documented as low by Laber et al. () who used gravel from the same source. In order to really improve the river water in Nepal, lower discharge limits than the current ones (50 mg/l BOD and 100 mg/l of TSS) as well as restrictions on phosphorus discharge are probably necessary.
CONCLUSIONS
For BOD 5 , COD, Kjeldahl-nitrogen and ammonia-nitrogen at loading rates 20, 8 and 4 cm/d, the HF planted bed performed significantly better (p < 0.05) than the HF unplanted bed, the VF planted bed showed significantly better removal than the VF unplanted bed, the VF planted bed performed significantly better than the HF planted bed. The superior performance of the VF beds, despite much shorter retention time than in the HF beds, can be explained by unsaturated flow conditions giving more air access as shown by the higher ORP in the VF beds. There was no significant difference (p > 0.05) in the removal of TSS and TP between any of the beds. This is due to low phosphorus sorption capacity of the porous media. As long as the current Nepalese discharge standard exists (50 mg/l BOD and 100 mg/l of TSS), the HF beds alone meet the Nepalese requirements. However, to really make an impact on river water quality in Nepal, stricter higher treatment goals are probably necessary and combined systems with both horizontal and VF beds as well as porous media with high phosphorus sorption capacity are recommended.
